Movement enables mobile organisms to respond to local environmental conditions and is driven by a combination of external and internal factors operating at multiple scales. Here, we explored how resource distribution interacted with the internal state of organisms to drive patterns of movement. Specifically, we tracked snail movements on experimental landscapes where resource (algal biofilm) distribution varied from 0 to 100% coverage and quantified how that movement changed over a 24 h period. Resource distribution strongly affected snail movement. Trajectories were tortuous (i.e. Brownian-like) within resource patches but straighter (i.e. Lévy) in resource-free (bare) patches. The average snail speed was slower in resource patches, where snails spent most of their time. Different patterns of movement between resource and bare patches explained movement at larger spatial scales; movement was ballistic-like Lévy in resource-free landscapes, Lévy in landscapes with intermediate resource coverage and approximated Brownian in landscapes covered in resources. Our temporal analysis revealed that movement patterns changed predictably for snails that satiated their hunger and then performed other behaviours. These changes in movement patterns through time were similar across all treatments that contained resources. Thus, external and internal factors interacted to shape the inherently flexible movement of these snails.
Introduction
Mobile organisms move to locate resources and avoid adverse conditions and enemies. The relative movements between organisms drive the strength and outcome of many ecological interactions, thereby linking individual movement to the dynamics of populations and communities [1] [2] [3] [4] . Movement can be energetically costly [5, 6] and can increase the risk of predation [7, 8] , and so mobile organisms need to balance these costs with the perceived benefits. Movement is complex, changing through space and time, and is undertaken by an enormous diversity of species in ever-changing environments. Despite this complexity, growing evidence suggests that animal movement is governed by general rules [6, 9, 10] , and elucidating these rules should lead to a more predictive science of ecology with basic and applied benefits. Aspects of the environment strongly influence organismal movement [9, 11, 12] , but less is known about how patterns of movement change with time.
Biologists often use power-law probability density functions to distinguish among patterns of organismal movement [9, 10, 13, 14] . The general power-law probability density function is expressed as P(l i ) ≈ l i −µ [10, 13] , where l is the displacement length (i.e. the distance an organism moves before making an appreciable turn in a different direction) and µ is the exponent of this power law, which is determined by the shape of the distribution [10, 15] . Trajectories that are dominated by short displacements, are highly tortuous and have a µ > 3 approximate Brownian walks (Brownian-like walks) [16] , whereas trajectories that contain relatively more long displacements, are less tortuous and have 1 < µ < 3 are Lévy walks [15, 17, 18] . As the proportion of relatively long displacements increases, µ decreases and trajectories become straighter [15] . The effect of resource distribution on movement has received much attention recently [6, 9, 10] , revealing consistent patterns of movement across species along a resource distribution gradient [10] [11] [12] 19, 20] . At small spatial scales, organisms foraging in patches containing abundant resources typically move slowly among individual food items within the larger resource patch, which is particularly true for grazing organisms, and exhibit Brownian-like walks with high values of µ [9, 11, 21] . Organisms moving in resource-free landscapes (i.e. between resource patches) tend to move faster and in straighter lines to minimize time in transit [13, 14, 22] , resulting in low values of µ [14, 21, 22] . Therefore, animal trajectories are frequently Lévy walks with intermediate values of µ in landscapes with patchily distributed resources, where the most tortuous segments are generally in resource patches, interspersed with longer, generally straighter segments between patches [11, 13, 14] . For example, marine birds that track and feed on patchily distributed but locally dense schools of fish exhibit this scale-dependent movement [13, 14] .
Patterns of movement also change through time. As internal states of organisms change, such as the degree of hunger, the desire to reproduce and the need to perform seasonal migrations, patterns of movement also change [23] [24] [25] . Different movements are optimal for different behaviours. Migration and dispersal is characterized by many long, straight segments [23] , whereas movements of animals within refuges, which are often bounded, are characterized by few movements that are short and highly tortuous [24] . Telemetry studies spanning weeks and months captured how movement patterns change when animals are foraging, migrating, resting and breeding [24] [25] [26] , but few studies appear to have explored how patterns of movement change through time in landscapes that vary in resource distribution. Experimental work has also explored how resource distribution affects movement, but has not monitored how movement changes over time [11, 16] . Thus, to provide a more complete picture of the multi-scale nature of organismal movement, researchers need to determine how external and internal factors interact to drive movement.
Movement is probably inherently flexible, adjusting through space and time to particular environments and internal states [6, 14, 21, 27, 28] . Many researchers have concluded that Lévy walks with µ ∼ 2 are optimal in natural landscapes, and that Lévy walks are an inherent and evolved property of organismal movement [10, 11, 26] . However, Lévy walks with µ ∼ 2 may be optimal only for certain environmental conditions and internal factors [16, 24] . Considerable variation exists in available empirical data, with observed µ's ranging from approximately 1.2 to greater than 3 [14, 21, 28, 29] , suggesting that organisms do not always follow Lévy walks with a µ ∼ 2. Theoretical studies have also demonstrated that trajectories with µ closer to 1 are more efficient for searching in many situations [17, 18] , as they minimize the likelihood of searching the same area more than once and thereby reduce energy expenditure [17, 18] . Ballistic walks (where µ → 1) are straight and void of turns, but have not been incorporated into the Brownian-Lévy framework because truly ballistic motion cannot be described as a probability distribution and is not observed in nature [18] . As values of µ decrease, though, the fraction of long displacements increases in Lévy walks, and they become increasingly ballistic in character [18] . Trajectories in which organisms spend more time searching for resources had exponents indicative of these ballistic-like Lévy walks, whereas trajectories in which organisms moved between abundant and evenly distributed resources had exponents indicative of Brownian-like walks [14, 21] . Therefore, µ ∼ 2 is likely to be optimal when organisms move across landscapes with patchily distributed resources, where organisms probably switch between more ballisticlike walks between resource patches to more Brownian-like walks within resource patches.
Our understanding of movement across spatio-temporal scales, including how local-scale processes determine landscape-scale patterns and how movement changes over time, is hampered by the difficulty of (i) manipulating landscapes so as to systematically explore the effects of resource distributions on movement and (ii) experimentally determining how combinations of external and internal factors interact to drive patterns of movement through space and time. In this study, we used automated image-based tracking to experimentally determine how external and internal factors interacted to drive the multi-scale nature of movement in the freshwater snail Physa acuta. By altering the spatial distribution of a key food resource-algal biofilm-we tested three predictions regarding how resource distribution affected snail movement and how this movement changed through time. First, at fine spatial scales, we predicted that snail movements would be characterized by high values of µ (Brownian-like) in resource patches, and lower values (Lévy or ballistic-like) in bare patches, and that average speeds would be slower in resource patches, where snails would spend most of their time moving. Second, at the landscape scale, we predicted that snail movement would be: ballistic-like Lévy (low values of µ) in resource-free environments, where individuals constantly searched for food; Lévy with higher values of µ (2 < µ < 3) in low-to-intermediate resource environments, where short displacements within resource patches are interspersed with long displacements in bare patches; and Brownian-like (µ > 3) in high-resource environments, where snails could continuously graze and movement is dominated by short displacements. Third, we performed a temporal analysis to test the prediction that µ varied over time as the internal states of snails changed, particularly in treatments containing resources, as snails switched from foraging to searching for mates, a refuge or escape after they became satiated.
Material and methods (a) Study species
Physa acuta is commonly found in rivers and lakes across North America and Europe, where it plays a key ecological role grazing on algae and detritus attached to rocks, leaves and other flat surfaces [30] . Snails for our study were collected from a large outdoor mesocosm at the National Great Rivers Research and Education Center (NGRREC) in East Alton, IL, USA, that was filled with water from the main channel of the Mississippi River and was naturally colonized for four months over summer. Upon collection from the mesocosm, snails were immediately moved to royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191610 the laboratory, where they were maintained in environmental chambers (Darwin Chambers, St Louis, MO, USA) without food for 24 h at 24°C with a constant, low level of light.
(b) Foraging experiments
We created experimental landscapes by growing algal biofilm on 43 × 43 cm glass panes (figure 1). To grow the biofilm, glass panes were submerged for 14 days in large, clear plastic containers (10 panes per container) filled with water from the mesocosm where snails were collected (see above). To ensure rapid and consistent growth of biofilm, these plastic containers were placed in environmental chambers at 24°C and constant, bright light for two weeks before use in foraging trials. Our treatments comprised five levels of resource distribution: 0, 25, 50, 75 and 100% algal biofilm coverage. Resource distributions became less patchy and more evenly distributed as biofilm coverage increased from 25 to 100%. Biofilm was removed from the outer 5 cm of the glass pane for all treatments so that each pane had a 38 × 38 cm square of biofilm in the centre of the pane. For the 0% treatment, all biofilm was removed using a razor blade, and for the 100% coverage treatment, no biofilm was removed. To control for time out of water, experimental landscapes with 100% coverage were removed from water for the same time it took to remove the biofilm from landscapes with 0% coverage (5-10 min). The 25, 50 and 75% coverage treatments were constructed by removing biofilm from a predetermined number of 100 square 'patches' (each square was 3.8 × 3.8 cm) arranged in a 10 × 10 grid (figures 1 and 2a). To do this, patches were numbered 1 through 100, and then 75, 50 and 25 random numbers between 1 and 100 were generated for each trial in the 25%, 50% and 75% coverage treatments, respectively. For each random number that was generated, the biofilm was removed using a razor blade from the corresponding cell in the 100-cell grid.
Foraging trials were undertaken between 5 September and 6 October 2017 in a large walk-in environmental chamber set to 24°C and lit with constant, low-level light (Darwin Chambers, St Louis, MO, USA). A single trial comprised one snail moving in an experimental arena for 24 h. To construct an arena, a single experimental landscape was placed flat into a clear, acrylic aquarium that was filled with Mississippi River water to approximately 3 cm depth (figure 1). A 38 × 38 cm and 5.1 cm high four-walled acrylic square (with no top or bottom) was then placed on top to constrain the snail to the experimental landscape. The experimental arena was positioned several centimetres above a large square backlight (Smartvision Lights, Muskegon, MI, USA) that emitted even and diffuse IR light at 850 nm wavelength (figure 1). Sixty-seven centimetres above the light, an IR-sensitive video camera (Basler acA 1300-60 gmNIR, Basler AG, Ahrensburg, Germany) was positioned to face straight down onto the experimental arena. A single starved snail (see above) was placed in the centre of the arena and filmed for 24 h. Videos were recorded at 1 frame per 5 s using StreamPix7 (NorPix, Toronto, Canada) and the automated tracking software Ctrax [31] was used to determine the position of the snail in each frame. Five replicate trials were undertaken simultaneously, and each of the five treatments were replicated 10 times.
(c) Data analysis
Animal movement is affected by the presence of arena walls [32] [33] [34] [35] , and we removed these effects when calculating snail speeds and power-law exponents by omitting all snail trajectory data within a peripheral zone extending approximately 1 cm from the wall (i.e. the approximate body length of P. acuta). Using these trimmed data, average speed (cm s −1
) was calculated across all frames in which the snail was moving (i.e. snail moved greater than 0.5 mm between frames), and proportion of time spent moving was calculated as the number of frames in which the snail was moving divided by the total number of frames that the snail was in the centre of the arena. We measured the angle between frames using the prepData function in the R package moveHMM [36] . We calculated three sets of step lengths.
Step lengths were determined by measuring the distance moved until snails made a turn that was greater than a threshold angle, which were 35°, 45°and 55°. We then calculated the power-law exponents (µ; see below) for distributions with step lengths determined from each of those threshold angles and performed an analysis of variance to determine if the choice of threshold angle affected the power-law exponent. We found no difference in the power-law exponents determined among these sets of step lengths (F 1,120 = 0.749; p = 0.389), and so, following the work of others [11, 37] , we used 45°as our threshold angle. We removed displacement length data associated with snails moving into and then back out of the peripheral zone between successive frames (see above).
For each snail, we fitted the displacement lengths to powerlaw and exponential distributions using maximum-likelihood estimation [11, 29] . We used a simple power-law distribution instead of more complex distributions because the goal of our study was to determine how resource coverage and internal state affected movement and not to provide detailed statistical descriptions of movement [16] . We identified the minimum step length (x min ) using an iterative, MLE approach with R package poweRlaw [38] and validated the estimate by examining the change point in the rank-frequency plot [11, 29] . We used x min to estimate the exponent of those power laws (µ) [11, 29] with the maximum-likelihood equation
where l is the step length and l min is the minimal step length [12, 39] . We compared how displacement lengths fitted each distribution with Akaike information criterion values and Akaike weight [29] . To determine if snail movement differed between resource and bare patches (which we could do in the 25, 50 and 75% coverage treatments), we fitted displacement lengths from each patch type to power-law distributions and estimated the µ's for each snail. We then used pairwise Welch's t-tests to determine if these values of µ, average speed and proportion of time moving differed between resource and bare patches. To determine if the amount of algal coverage in the experimental landscape affected snail movement, we fitted displacement lengths from the entire length of each trial to power-law distributions and regressed the estimated µ's with per cent algal coverage. We used two analyses to determine if and how snail experimental landscape acrylic walls acrylic aquarium Figure 1 . Overview of experimental arena. Experimental landscape (50% resource coverage) set within acrylic aquarium and surrounded by acrylic walls to contain snails. (Online version in colour.) royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191610 movement changed over time. First, for each snail, we fitted distributions and estimated µ for each hour of each 24 h trial. To ensure sufficient steps were present within each hour for each snail, we only calculated µ for hours that contained at least 30 steps. We modelled the change in µ over time with generalized additive mixed models [40, 41] using a Gaussian family with an identity link with the REML method and did not limit k. Since the variance in µ increased through time, probably because there were fewer data points towards the end of the experiment, we added a fixed variance structure to the model to account for this heterogeneity [42] . Second, for each hour, we calculated the amount of time that snails spent outside the centre of the arena (i.e. the arena edge), where they could not forage but instead were probably resting or searching for an escape. We used generalized additive models to determine if time spent on the arena edge varied over the course of the experiment. In these models, we used a Gaussian family with an identity link with the REML method and did not limit k. We validated models graphically. Both generalized additive models were run using the package mgcv [43] , and all statistical analyses were performed in R [44] .
Results
As predicted, snails in resource (algal biofilm) patches tended to exhibit Brownian-like motion (mean µ = 3.50), while in bare patches, snails tended to exhibit Lévy motion (mean µ = 1.92; figure 3a; t 33.22 = 7.36, p < 0.001). The average snail speed wasmuch lower in resource patches (figure 3b; t 33.8 = −4.73, p < royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191610 0.001), where snails spent most of their time moving (figure 3c; t 37.1 = 12.08, p < 0.001). These differences in movement between resource and bare patches were clearly due to snails grazing on biofilm, as evidenced by our observations of grazing scars in resource patches (electronic supplementary material, figure S1 ) and the fact that the number of scats we observed at the completion of each trial increased with resource coverage (electronic supplementary material, figure S2 ).
Resource distribution strongly influenced how snails moved across our experimental landscapes, with trajectories tending to be more tortuous as resource coverage increased (figure 2a,b; electronic supplementary material, table S1; F 1,39 = 36.91, p < 0.001, R 2 = 0.47). These step length distributions better fitted power-law than exponential distributions and Akaike weights were 1 for all the powerlaw distributions (electronic supplementary material, table S2). Snail movement in the resource-free treatment was ballistic-like Lévy (figure 2b; mean µ = 1.60), whereas in the 25, 50 and 75% resource coverage treatments, movements were Lévy walks associated with denser resource environments (figure 2b; mean µ's = 2.27, 2.45 and 2.34, respectively). Snail movement in the 100% resource coverage treatment approximated Brownian walks (figure 2b; mean µ = 3.39). These patterns are highlighted in a rank-frequency plot, in which the number of long displacement lengths decreased as resource coverage increased (figure 2c). We explored how snail movement changed with time by determining how the power-law exponent of snail trajectories and time on the edge of the arena varied over the 24 h trials. Trajectories in the 0% coverage treatment became more tortuous (i.e. µ increased) through the first half of the experiment and levelled off during the second half ( figure 4) . However, the values generally remained below 2 throughout the entire experiment. In all trials that contained resources (i.e. 25-100% coverage treatments), trajectories became straighter (i.e. µ decreased) throughout the first half of the experiment and more tortuous throughout the second half (figure 4). This pattern was significant for all but the 75% coverage treatment. The amount of time snails spent on the arena edge increased overall through the course of the experiment (figure 4). In the 25 and 100% resource coverage treatments, snails tended to spend less time on the arena edge towards the very end of the trial, whereas time spent on the arena edge increased monotonically throughout the experiment in the 50 and 75% coverage treatments (figure 4).
Discussion
Snail movements in our experimental landscapes were strongly affected by a combination of external and internal factors, ultimately shaping the spatio-temporal patterns of movement. In resource-free landscapes, snail movements were ballistic-like Lévy, which are characteristic of searching [17, 18] . In landscapes composed of a mixture of resource and bare patches, movements were Lévy walks with higher values of µ, resulting in snails spending most of their time within resource patches while they were in the centre of the arena. Movements in landscapes covered with biofilm were approximately Brownian. Thus, as resource distribution increased, trajectories became more tortuous. However, these patterns of movement varied at different spatial and temporal scales, as snail movements varied drastically between resource and bare patches, and trajectories were most tortuous at the beginning and end of the trials.
Differences in how snails moved in resource versus bare patches drove patterns of movement at the landscape scale. Trajectories within resource patches were tortuous, with high values of µ [11, 21] . Snails used many small displacements as they moved around consuming resources, effectively exploiting the patch [9, 21] . Snails moved relatively slowly within resource patches because the large number of turns inhibit fast movements and they were grazing [45, 46] . Trajectories became much straighter and snails moved faster when they entered a bare patch. The combination of straighter trajectories and higher speeds minimized time spent searching for a resource patch. Thus, resource distribution across a landscape ultimately controlled movement at local scales, and these local-scale actions combined to drive the overall shape of trajectories [9, 14, 21, 28] .
Organismal movement is driven by both external and internal factors [6] , and resource distribution was a clear external factor affecting snail movement in our experiment. We also showed that snail movements changed through time, and this was probably driven by changes in the internal state of each snail. Having been starved for 24 h prior to the experiment, snails were probably hungry when the experiment commenced, and values of µ were relatively high at the beginning of the experiment in landscapes containing resources as the snails quickly located resource patches and began foraging [10, 14, 21] . Values of µ decreased throughout the first half of the experiment in landscapes that contained biofilm and then increased again in the second half of the experiment. Furthermore, trajectories became the least tortuous (i.e. reached the nadir of the curve) earliest in the 75 and 100% coverage treatment. These patterns of movement suggest snails had become satiated, and this satiation probably occurred more quickly in landscapes with more resources, and switched from foraging to other behaviours, such as searching for other types of resources or a refuge [6, 24, 25] . For example, during the middle and latter half of the experiments, snails often used the arena wall as a refuge, where they would crawl to the water's surface, rest and apparently replenish their oxygen supplies. Freshwater snails typically spend 4-12 h foraging before seeking refuge and resting [47] . While we were unable to measure when and exactly how much each snail ate through the experiment, our experimental design (i.e. starving snails for 24 h before measuring their movements for a period of time long enough to capture more than one foraging bout interspersed with other behaviours) was robust enough to detect these changes in behaviour and associated changes in movement. The combination of the change in µ through the course of the experiment with the increased use of the arena wall during the middle and latter half of the experiment provides strong evidence that the snails are cycling between foraging and other behaviours possibly associated with their circadian rhythms. The similar shape of the response through time among the 25-100% coverage treatments in the analysis of µ further suggests a general, temporal pattern in the movement of these snails. Snails from the 0% treatment could not find resources to satiate their hunger, and their movement throughout the experiment was correspondingly characterized by low values of µ even if these values increased royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191610
animals, as we experimentally demonstrated here and has been demonstrated in other systems [9, 14, 21] . Other environmental features also affect movement. For example, movement in structurally complex habitats, such as most coastal marine areas, tends towards Brownian walks because these habitats have physical structures (e.g. reefs, kelp, forests, mountains, etc.) that inhibit long, straight displacements and force individuals to turn frequently, resulting in many short displacements [12, 48] . On the other hand, movement in structurally simple habitats (e.g. pelagic zones, grasslands, etc.) tends to be Lévy or ballistic-like because individuals are unobstructed and can execute long displacements, and Lévy walks are thus advantageous in these habitats [12, 48] . Thus, animals may adhere to a simple rule for most of their movements: move in a roughly straight line until an encounter with a resource, physical structure or enemy (competitor or predator) and then turn after that encounter (and after any behaviours associated with that encounter) to move in another straight line with a different heading [16] .
Using an experimental system, we provided powerful evidence that animal movements are strongly constrained by combinations of local environmental factors and internal states, and, while these drivers operate at local scales, they act to determine movement at a landscape scale. Furthermore, patterns of movement in our system are flexible, and change as external and internal factors change, and spatiotemporal patterns of movement are driven by interactions between these external and internal factors. These changes in movement will affect how animals interact with one another and the environment, with implications for higher levels of ecological organization [1] [2] [3] [4] . Additionally, animal movement will be affected by various anthropogenic effects, ranging from direct manipulation of the environment (land use change) to altering community composition via global warming. A mechanistic understanding of the factors that drive movement patterns will enable conservation biologists to make predictions regarding how animal movement will be affected by human-altered environments. For example, more explicit studies, such as we performed here, are required to determine how taxonomically widespread these effects on movement are and whether organisms that evolved in landscapes where resources vary in space and time have more flexible patterns of movement compared to organisms that evolved in landscapes where resources are stable. If so, the former may be able to move more optimally through human-altered landscapes than the latter. Our results here, combined with results from other studies, strongly suggest that organismal movement is guided by a simple rule that enables organisms to alter their patterns of movement as necessary when environmental conditions and internal states change.
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